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Abstract. Soil biological response to management is best evaluated in field-scale experiments within the
context of the soil environment and crop; however, cost-effective methods are lacking to relate these data
which span multiple spatial scales. We hypothesized that zones of apparent electrical conductivity (ECa)
could be used to integrate soil properties (sampling-site scale), microbial-scale measures of vesicular-ar-
buscular mycorrhizal (VAM) fungi, and field-scale wheat yields from yield maps. An on-farm dryland
experiment (~250 ha) was established wherein two (~32-ha) fields were assigned to each phase of a winter
wheat (Triticum aestivum L.) – corn (Zea mays L.) – proso millet (Panicum miliaceum L.) – fallow rotation.
Each field was mapped and classified into four zones (ranges) of ECa. Soil samples were collected from geo-
referenced sites within ECa zones and analyzed for multiple soil properties associated with productivity (0–
7.5 and/or 0–30 cm). Additionally, VAM fungi were assessed using C16:1(cis)11 fatty acid methyl ester
biomarker (C16vam), glomalin immunoassay, and wet-aggregate stability (WAS) techniques (1–2 mm
aggregates from 0- to 7.5-cm soil samples). Concentrations of C16vam and WAS increased among cropping
treatments as: fallow < wheat < corn < millet. Glomalin across crops and replicates, C16vam andWAS in
fallow (crop effect removed), soil properties associated with productivity, and wheat yields were negatively
correlatedwith ECa and different amongECa zones (P £ 0.05). Zones of ECa provide a point of reference for
relating data collected at different scales. Monitoring cropping system parameters and profitability, over
time, may allow linkage of microbial-scale processes to farm-scale economic and ecological outcomes.
Keywords: soil electrical conductivity, sustainable management, site-specific management, soil spatial
heterogeniety, glomalin, hierarchy of experimental scale, biological indicators
Introduction
The identification of management strategies that promote the growth and activity of
particular groups of soil microorganisms may be useful for treating specific agro-
nomic problems, and for general improvement of the soil resource, crop yields, and
economic return. Management practice engenders both direct (immediate) and
indirect (temporal) effects on spatially variable interactions between microbes, the soil
physical/chemical environment, and the crop (yield and residue inputs) (Doran and
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Linn, 1994; Hendrix et al., 1990; Juma, 1993). Hence, soil biological function is best
evaluated at the field scale within the context of the soil environment and the crop, an
approach that spans multiple spatial scales. The ability to bridge the hierarchy of
experimental scale, to link microbial processes to ecosystem outcomes and discern
biotic and abiotic associations, is fundamental if we are to successfully manage soil
microbial populations to address large-scale agronomic issues (Allen et al., 1992;
O’Neill et al., 1991; Wright and Millner, 1994).
In dryland systems, no-till intensified rotational management increases yields
(Anderson, 1998), soil C (Bowman et al., 1999), plant-available P (Bowman and
Halvorson, 1997), and soil physical structure (Wright and Anderson, 2000). Although
substantial investigation has been made of tillage and no-till impacts on soil biological
function in wheat-fallow systems (Doran, 1980; Doran, 1987; Doran et al., 1998;
Drijber et al., 2000; Kettler et al., 2000), little is known about the response of the soil
microbial community to intensified rotational cropping under no-till. Furthermore,
most of the above-mentioned research has been conducted in plot-scale experiments.
In order to encompass soil heterogeneity, field-scale approaches are needed for real-
istic and comprehensive investigations of no-till intensified rotational management.
Geophysical sensors developed to measure soil electrical conductivity (ECa) are
useful for assessing soil spatial heterogeneity. Measured ECa is a function of soil
salinity, clay type/percentage,moisture, bulk density, and temperature (McNeill, 1980;
Rhoades et al., 1989). However, in individual fields ECa is generally controlled by only
one or two of these factors. Depending on soil characteristics, ECa can be used as a
direct indicator of soil salinity (Lesch et al., 1992), moisture (Khakural and Robert,
1998), clay content (Williams and Hoey, 1987) and/or nitrate (Eigenberg et al., 2002).
When the soil properties contributing to measured ECa are also yield limiting, ECa
maps provide an excellent framework for soil sampling schemes that reflect spatial
variability in production potential (Corwin et al., 2003; Johnson et al., 2001).
A 250-ha on-farm experiment, the Farm-Scale Intensive Cropping Study (FICS),
was initiated to evaluate the utility of new technologies, including ECa sensors, yield
monitors, global positioning systems, and geographic information systems, for the
field-scale assessment of management. The research described in this manuscript
provides foundational information for this long-term goal. In 1999, the site was
converted to a no-till winter wheat (Triticum aestivum L.) – corn (Zea mays L.) –
proso millet (Panicum miliaceum L.) – fallow rotation after nearly 70 years of tra-
ditional wheat-fallow management using conventional tillage. In foundational
experiments, the FICS was ECa mapped and classified into four management zones
based on ranges of ECa. A geo-referenced stratified soil sampling scheme was created
from this classified ECa map. Statistical comparison of sampled soils revealed that
zones of ECa effectively described within-field variability in soil physical, chemical,
and biological properties indicative of yield potential at 0–7.5 and/or 0–30 cm depths
of measurement (P £ 0.06) (Johnson et al., 2001).
The effectiveness of ECa mapping for integrating multiple soil properties suggests
interesting potential applications for this technology. Classification based on ranges of
ECa may provide the necessary framework for relating spatial and temporal data
collected at different levels of scale (Figure 1). We hypothesized that ECa zones could
be used to delineate within-field variability in the presence and activity of specific
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groups of microorganisms (microbial scale) that can subsequently be related to cor-
responding variations in the soil environment (sampling-site scale [hundreds of m2])
and crop productivity (field scale [multiple ha]). If these relationships can be estab-
lished, ECa-classified zones may serve as an intermediate point of reference through
which data collected at much larger or smaller levels of scale can be integrated.
The vesicular-arbuscular mycorrhizal (VAM) fungi were selected for microbial-
scale evaluations in this study because of their contributions to both the crop and the
soil. These organisms promote crop growth directly by conferring drought resistance
(Ellis et al., 1985), expanding nutrient uptake and availability, and suppressing
disease (Sylvia et al., 1998). The VAM fungi also benefit soil aggregation. In 1996,
Wright and Upadhyaya identified a glycoprotein, called glomalin, which is produced
by VAM hyphae. Glomalin acts as a ‘‘glue’’ (Wright and Anderson, 2000) that,
coupled with mechanical hyphal entanglement (Miller and Jastrow, 1992), binds soil
particles together.
We evaluated populations of VAM using fatty acid methyl ester (FAME)
extraction and analysis for the C16:1(cis)11 biomarker (C16vam) (Olsson et al., 1995).
Direct and indirect estimates of VAM contributions to soil aggregation were made
using glomalin immunoassay (Wright and Upadhyaya, 1996) and soil wet-aggregate
stability (WAS) (Tisdall and Oades, 1982) techniques, respectively. In addition to
these microbial-scale measures of VAM presence and activity, sampling-site scale
assessment of soil condition (soil physical, chemical and biological properties) and
field-scale maps of winter wheat yields were made using a yield monitor.
The primary objective of this study was to evaluate the feasibility of using ECa
classified within-field variability to relate observations made at different levels of
experimental scale. A secondary objective was to establish baseline measures of
VAM fungi during the first year of newly imposed no-till winter wheat – corn – proso
millet—fallow rotational management. In the future, these baseline data can be
compared with repeated measurements, taken over time, as a means to monitor soil
ecological response to no-till intensified rotational management.
Materials and methods
Experimental data were collected from the FICS, a newly established on-farm
experiment located 30 km east of Sterling, CO in the semiarid Central Great Plains.
Sampling Site
ECaZone
Field
Farm
Microbe
---
--- Multiple ha
--- Hundreds of m2
--- Sub meter 
--- Micron
Hundreds of ha
Figure 1. The use of ECa classification as a pivotal point through which measurements spanning the
hierarchy of experimental scale can be related.
LINKING MICROBIAL-SCALE FINDINGS TO FARM SCALE OUTCOMES 313
The site is a contiguous section of farmland (250 ha) that was converted from con-
ventionally tilled winter wheat — fallow to an intensified no-till winter wheat – corn –
proso millet — fallow rotation in 1999. Cropping treatments were applied to eight
fields within the FICS such that each phase of the four-year rotation is present in two
replicates each year. Soils are a mixture of Platner (fine, smectitic, mesic Aridic
Paleustolls), Weld (fine, smectitic, mesic Aridic Argiustolls), and Rago (fine, smec-
titic, mesic Pachic Argiustolls) loams. Highly variable precipitation occurs mainly in
May and June, averaging 420 mm annually. Mean annual temperature is 10C.
ECa classification and soil sampling
The FICS site was ECa mapped in March 1999 using a Veris 3100 Sensor Cart
(Veris Technologies, a division of Geoprobe Systems, Salina, Kansas)1 and
Trimble AG132 D global positioning system (Trimble Navigation Ltd., Sunnyvale,
CA)1. Each of the eight fields comprising the FICS site was individually classified
into four zones (ranges) of ECa: low, medium low, medium high, and high. To do
this, ECa maps from each field were interpolated by inverse-distance weighting
and partitioned into 12 classes (10-m grid cell resolution) using unsupervised
classification (ERDAS Inc., 1997)1, an iterative process that groups clusters of
statistically similar data (Figure 2a). The 12 classes were then recoded into four
(Figure 2b) by subjectively adjusting the four ECa class ranges until they reflected
the dominant visible spatial patterns in the gray-scale interpolated ECa map
(Figure 2a). This method groups spatially related ECa data points into naturally
occurring clusters.
Ninety six geo-referenced soil-sampling sites were identified across the FICS,
twelve within each of the eight fields, three per ECa zone. Sites were placed in the
center of distinct, non-adjoining sections within each ECa zone to avoid transition
areas, and selected to provide comprehensive coverage of each field (Figure 2b).
Wheat and fallow fields were sampled in mid-July 1999 following wheat harvest,
while corn and millet fields were sampled in mid-November 1999 after corn harvest.
At each of the sites, seven soil cores were taken, within a 75-cm2 area, at 0–7.5 and
7.5–30 cm depths. Each sample was composited, transported to the laboratory in a
cooler, and stored at 5C prior to air-drying and passage through a two-mm sieve.
Analyses from 0–7.5 and 7.5–30 cm depth samples were combined and weighted to
calculate 0–30 cm depth measurements. A subsample of the 0–7.5 depth samples was
dry-sieved to segregate 1–2 mm size soil aggregates. This soil fraction was used to
assess microbial-scale indices of VAM including WAS, C16vam, and glomalin as
described below.
Whole soil analyses (sampling-site scale)
All whole-soil analyses were made for both sampling depths (0–7.5 and 7.5–30 cm).
Bulk density was determined using the mass of soil (dry mass basis) and the volume
of the seven cores taken from each sampling site. A subsample of soil was used to
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measure gravimetric water content. The remainder was air dried and analyzed for
total C and N using a Carlo Erba NA 100 (CE Elantech, Lakewood, NJ)1, whole soil
and particulate organic matter (0.05–2 mm) by loss on ignition (Cambardella et al.,
2001), extractable P by the Bray-1 method (Bray and Kurtz, 1945), percent clay
Figure 2. A gray-scale electrical conductivity map for the field in the northwest corner of the experimental
site (a) and the same map following recoding into four electrical-conductivity zones (b). Variations in
color, from dark to light, correspond to increasing conductivity, and ‘‘O’’ symbols represent selected soil
sampling sites.
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(Kettler et al., 2001), and pH (1:1 soil:water mixture). Assessment of microbial
biomass C and N was also made on whole-soil samples using microwave irradiation
(Islam et al., 1998).
Soil aggregate (1–2 mm) analyses (microbial-scale)
Measures of VAM presence and activity were made using 1–2 mm size soil aggre-
gates (0–7.5 sampling depth only), a fraction significant to soil physical structure.
Depending on the site sampled, the 1–2 mm size fraction represented 12.3–42.6% of
whole soil, falling around 20% for most samples. Stability of the 1–2 mm soil
aggregates was determined using the wet sieving procedure and apparatus described
by Kemper and Rosenau (1986). Four grams of separated aggregates (corrected for
the weight of coarse material >0.25 mm) were placed on a 0.25-mm sieve, capillary
wetted with deionized water, and wet sieved for 5 min in deionized water at 38 cycles
min)1. Following air drying of the soil remaining on the sieve, WAS was reported as
a percentage of initial soil weight.
Total ester-linked FAMEs were extracted from the 1–2 mm aggregate fraction
subsamples by mild alkaline hydrolysis, a process that does not methylate-free fatty
acids (Grogan and Cronan, 1997; Kates, 1986). The 1–2 mm soil aggregate fraction
was hydrolyzed using freshly prepared 0.2 M potassium hydroxide in methanol,
and the resulting FAMEs were partitioned into hexane (White et al., 1979). Fol-
lowing saponification to release ester-linked FAMEs, methyl-nonadecanoate
(0.05 lg/ll) was added to the extract as an internal standard. Released FAMEs
were separated by capillary gas chromatography, using helium as a carrier gas, on
a Hewlett Packard 5890 Series II gas chromatograph. This instrument contained
an Ultra 2 HP (50 m, 0.2 mm I.D., 0.33 lm film thickness) and was run in split
mode (44:1) with a 0.75 min purge time. Helium was the carrier gas. Injector and
flame ionization detectors were maintained at 280 and 300C, respectively, and
oven temperature was ramped from 50 to 160C at 40C min)1 and held for 2 min,
then ramped at 3C min)1 to 300C and held for 30 min. The C16vam was iden-
tified by retention-time and confirmed by gas chromatography mass spectrometry.
Concentrations of C16vam were calculated from peak areas and reported as nmol
g)1 soil.
Duplicate analyses were made on soil aggregates for total and easily extractable
glomalin (EE glomalin), and for immunoreactive total (IRT) and immunoreactive
EE glomalin (IREE glomalin). Extractions were carried out as per Wright and
Upadhyaya (1996). The easily extractable fraction was removed by autoclaving
soil with 20-mM citrate, pH 7, for 30 min at 121C. The total glomalin fraction
was removed by autoclaving soil with 50-mM citrate, pH 8, for 60 min at 121C.
This was done three times for each soil sample; the resulting extracts were com-
bined, stored at 4C and analyzed within 2 weeks. Extracts of total and EE
glomalin were assayed for total protein, using the Bradford protein assay, and for
immunoreactive protein, using enzyme-linked immunosorbent assay with mono-
clonal antibody 31B11 (Wright and Upadhyaya, 1996; Wright and Upadhyaya,
1998).
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Wheat yield analyses (field-scale)
Yield measurements were taken for wheat crops in 1999 and 2000 using a Micro-
Trak grain yield monitor (Micro-Trak Systems Inc., Eagle Lake, MN)1 and a
Trimble AG132 D global positioning system (Trimble Navigation Ltd., Sunnyvale,
CA)1. Using Farm HMS software (Red Hen Systems, Ft. Collins, CO)1, data were
edited and calibrated with whole-field yield averages from grain weigh-ticket infor-
mation.
Statistical analyses
The significance of classification by ECa ranges was determined for each of the
physical, chemical, and biological attributes of whole-soil, VAM indices in the 1–2
mm soil aggregates, and crop yields. This was done using an ANOVA for a ran-
domized complete block strip–split plot design in two replicates with crop (wheat,
corn, millet or fallow) and ECa zone (low, medium–low, medium–high, and high) as
treatment factors. For microbial analyses, ANOVA was also applied to fallow
treatments alone (3 df for error) to eliminate crop*ECa interactions potentially
masking ECa zone significance. Measures of VAM not different among ECa zones
within fallow treatments and showing non-significant replicate*ECa-zone interac-
tions (a ¼ 0.2) were put through a second ANOVA using pooled data (replicate*ECa
zone removed). This approach increased df for error from 3 to 19 to test whether
non-significance was due to insufficient df. All statistical analyses for glomalin
concentrations were conducted on the mean of duplicate measures.
To eliminate the confounding effect of crop, Pearson correlation coefficients were
estimated for pairs of whole soil and 1–2 mm size fraction variables in the fallow
fields only, as were regression analyses relating C16vam and IRT glomalin (n ¼ 24).
All statistical analyses were performed using SAS (SAS Institute, 1997)1 and dif-
ferences were declared significant at the 0.05 level, unless stated otherwise.
Results and discussion
Whole-soil analyses (sampling-site scale)
In this semiarid cropping system, soil properties related to yield potential (moisture
content, total and particulate organic matter, total C and N, extractable P, and
microbial biomass C and N) were different among ECa zones (P £ 0.05) and
negatively correlated with ECa at one or both soil depths. Conversely, properties
associated with erosion (bulk density, clay percentage, and pH) were different
among ECa zones (P = 0.06) but positively correlated with ECa at one or both soil
depths. Data on surface (0–7.5 mm) whole-soil measurements is provided in
Table 1. Additional information on the relationships between ECa and soil phys-
ical, chemical, and biological properties (at both depths of measurement) is given
by Johnson et al. (2001).
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Aggregate (1–2 mm) analyses (microbial-scale)
Neither WAS nor C16vam was different among ECa zones when evaluated across
replicates and crop treatments (Table 2). However, when evaluated within fallow
fields only, WAS was highly related (P £ 0.05) and C16vam showed trends (P £ 0.13)
toward a relationship with ECa zones. A second ANOVA using pooled data (rep-
licate*ECa zone removed) revealed that C16vam was also significantly different
among ECa zones (P £ 0.006) (Table 2). Both WAS and C16vam were negatively
correlated with ECa.
Whole soil FAME analysis can discern cropping patterns (Cavigelli et al., 1995)
and distinguish natural grasslands from managed systems (Drijber et al., 2000).
Moreover, Drijber et al. (2000) found that the principal discriminating factor for the
systems examined was C16vam. Similarly, we found C16vam to have sufficient sensi-
tivity to separate cropping treatments, with highest concentrations in millet fields,
followed by corn, wheat, and fallow (Table 2). Because VAM fungi are obligate
symbionts (require a plant host), it is reasonable that C16vam concentrations were
lowest in fallow treatments. However, the order of non-fallow crop-treatment sep-
aration by C16vam presents interesting questions. Do higher concentrations of
C16vam in millet and corn treatments indicate that these crops are more mycorrhizal
Table 2. Within-ECa zone (across replicate and crop treatments) and within-crop treatment means and
significance for measures of vesicular arbuscular mycorrhizal presence and activity. All analyses were
made on the 1–2 mm aggregate-size fraction of soil (0–7.5 cm depth)
Wet
aggregate
stability
C16:cis
11 fatty acid
Total
glomalin
Immunoreac-
tive total
glomalin
Total easily
extractable
glomalin
Immunoreactive
easilyextractable
glomalin
(%) (nmol g)1 soil) (mg g)1 soil) (mg g)1 soil) (mg g)1 soil) (mg g)1 soil)
ECa Zone NS ()
a NS (**)b ** **  **
Low  21.8a (21.5a) 5.45a (4.11a) 2.64a 0.50a 0.46a 0.29a
Med. Low 20.2a (17.9ab) 5.52a (3.15b) 2.18b 0.38b 0.44ab 0.24b
Med. High 20.5a (17.5ab) 5.80a (2.69b) 1.75c 0.30bc 0.42b 0.19c
High 19.9a (17.0b) 5.69a (2.86b) 1.69c 0.27c 0.39c 0.16c
SEd§ 1.054 (1.76) 0.645 (0.292) 0.070 0.029 0.010 0.014
Crop  ** NS NS NS NS
Millet 25.6a 9.24a 2.07ab 0.39a 0.42a 0.23b
Corn 20.9b 5.46b 2.23a 0.39a 0.44a 0.27a
Wheat 18.5bc 4.44bc 1.95b 0.37ab 0.42a 0.18c
Fallow 17.6c 3.22c 2.01b 0.30b 0.43a 0.21b
SEd§ 1.048 0.447 0.063 0.029 0.009 0.011
, **Comparisons of crop or ECa-zone treatments are significant at the 0.10 and 0.01 levels, respectively.
NS Non-significant F -value at the 0.1 level.
Values followed by the same letter within each ECa-zone or crop column are not significantly different
(0.10).
§Standard error of the difference between sample means.
aInformation in ( ) within an ECa-zone column is from ANOVA of fallow treatments only.
bInformation in ( ) within an ECa-zone column is from ANOVA of fallow treatments only using pooled
data.
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than wheat, or are these concentrations a reflection of VAM response to weather-
induced conditions in the soil environment or time of sampling?
Both plant species and soil edaphic factors select for VAM populations (Johnson
et al., 1992). Because soil samples were taken from the FICS during the first year
following conversion to a winter wheat–corn–proso millet-fallow rotation, and his-
torical management was monoculture wheat—fallow, it is possible that indigenous
VAM populations had greater affinity for millet and corn than for wheat. Fur-
thermore, wheat fields often have low mycorrhizal propagule densities and wheat
plants can remain non-mycorrhizal for most of the growing season (Hetrick and
Bloom, 1983; Yocom et al., 1985). These findings support plant species as the
dominant factor determining C16vam concentrations in the FICS.
Conflicting reports are found in the literature regarding the impact of P fertil-
ization on VAM. Some suggest that P fertilization reduces the rate of VAM infection
(Clapperton et al., 1997) while others have found no difference in root infection with
P fertilizer application (Jasper et al., 1979). In the FICS, starter fertilizer (10-34-0)
was applied to wheat treatments at planting. If P had a negative affect on VAM
infection, this may offer another explanation for lower concentrations of C16vam in
wheat compared with other crop treatments. Additionally, 1999 wheat yields were
above average, while corn and millet yields were reduced for lack of sufficient pre-
cipitation. Hetrick et al. (1984) found that drought-stress enhances VAM coloni-
zation in corn plants with low P fertilization. Therefore, it is also possible that
mycorrhizal populations were heightened in response to corn and millet water
requirements.
Lastly, FAME analysis recovers alkaline-hydrolyzable fatty acids from hyphal
membranes, spores and storage products. Neutral lipids, which contain C16vam, can
occur in higher concentrations in spores (Olsson and Johansen, 2000) and, for some
VAM species, sporulation is highly affected by host plant affinity (Hetrick and
Bloom, 1986). Tillage is also believed to favor spore-forming VAM species (Kurle
and Pfleger, 1996) and the FICS site was managed using conventional tillage prior to
1999. Thus, heightened concentrations of C16vam in the corn and millet treatments of
the FICS may reflect enhanced VAM spore formation stemming from drought
conditions. Further research is required to determine (i) the relationship between soil
C16vam concentrations and VAM root infection intensity, and (ii) the factors
underlying variations in C16vam concentration among cropping treatments.
Concentrations of the four glomalin fractions, total, EET, IRT, and IREE, were
not different among crops, yet all were negatively related to ECa zones as:
high < medium high < medium low < low when evaluated across replicates and
crop treatments (Table 2). Figure 3 illustrates trends toward IRT glomalin parti-
tioning among ECa zones within crop treatments, an indication of the strength of the
relationship between IRT glomalin and ECa. Only EE and IREE glomalin, fractions
believed to be most recently deposited, showed significant crop*ECa interactions
(P = 0.023 and P = 0.098, respectively). Thus, glomalin appears to be a static or
historical indicator of VAM activity, where measured levels at the FICS largely
reflect VAM response to the wheat-fallow conventional-tillage management prac-
ticed prior to 1999. The recalcitrant nature of glomalin and its accumulation in soil
have been corroborated by other researchers (Rillig et al., 2001). Total glomalin
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analyses for 14C estimate a soil residence time of 6–42 years (personal communica-
tion, Sara Wright).
Total glomalin was correlated with WAS, although there was no relationship
between other glomalin fractions and WAS. This is similar to findings by
Franzluebbers et al. (2000) but contrary to those of Wright and Upadhyaya (1998)
who found easily extractable and immunoreactive glomalin fractions to be more
strongly correlated with WAS than total glomalin. This discrepancy may be a
consequence of scale, multiple geographic locations examined by Wright and
Upadhyaya versus localized spatial heterogeneity at the FICS site. Assuming that EE
and IR fractions represent recent glomalin production, it is also possible that
comparatively low glomalin deposition rates in semiarid systems, such as the FICS,
may preclude association with WAS. Lastly, the passage of soil samples through a
2-mm sieve at the time of collection may have altered the aggregate characteristics of
soils from the FICS, thereby masking the strength of relationships between WAS,
ECa, and glomalin fractions.
Wheat yield analyses (field-scale)
Comparisons between ECa and 2 years of winter wheat yield maps corroborate
sampling-site scale findings indicating a negative relationship between ECa and yield
potential. Strong negative correlations were found between ECa and wheat yields,
particularly when mean wheat yields within ECa-classified zones were regressed
against mean ECa within ECa zones (Figure 4). Field 8 has significantly higher yields
in the low ECa zones and greater yield separation among zones (steeper slope)
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Figure 3. The ECa class means of immunoreactive total glomalin within cropping treatments. Error bars
represent the standard errors of the mean (n ¼ 6). Bars associated with the same letter, within crop
treatments, were not significantly different among ECa classes (0.05).
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compared to fields 1, 4 and 5. This is likely attributable to its position at the southern
end of the south-sloping FICS site. Down-slope soils are typically deeper and higher
in organic matter than those at higher elevations resulting in heightened production
potential. Comparison of mean across-field and within ECa-zone organic matter
revealed that the highest levels were in field 8. In addition, run-off provides field 8
with greater precipitation inputs than are received by the other fields evaluated.
Johnson et al. (2003) provides additional information regarding ECa-yield rela-
tionships at the FICS site.
Relating measurements within a hierarchy of scale
Because the FICS site is characterized by calcareous soils, the erosion of topsoil
exposes underlying horizons and raises surface-soil clay content, CaCO3, and bulk
density, all factors increasing measured ECa. For this reason, soil physical and
chemical properties related to erosion phase (bulk density, percent clay, laboratory-
measured ECa, and pH) were positively correlated with ECa (Johnson et al., 2001).
Conversely, soils found in non- or less-eroded parts of each field had lower levels of
clay and CaCO3, and lower bulk densities, resulting in lower measured ECa. Since
low ECa regions were also higher in factors related to production potential, notably
soil organic matter, total C and N, extractable P, microbial biomass C and N, and
moisture content, they were positively correlated with winter wheat yields (Johnson
et al., 2003) and negatively correlated with ECa.
Classification by ECa can be used to integrate these findings with soil biological
assessments also linked to ECa. For instance, a relationship can be documented
between IRT glomalin, produced at the micron level, and winter wheat yields,
assessed at the field scale (Figure 5). While other researchers have produced indirect
evidence of this association, wherein IRT glomalin contributes to soil C concen-
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Figure 4. Mean wheat yield, within ECa zones, for 1999 and 2000 regressed against mean ECa, within ECa
class. The error bars represent the standard error of the mean.
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trations, and soil C is correlated with crop yield (Anderson, 1998; Rillig et al., 2001),
ECa-based classification allows direct linkage at large experimental scales.
Significant information regarding soil environmental selective pressures on VAM
populations can also be gleaned by merging microbial and whole-soil physical and
chemical data collected within the ECa-zone framework. For example, total and IRT
glomalin were strongly delineated among ECa zones and positively correlated with
soil total C, particulate organic matter, extractable P, and water content (Table 3).
These same correlations exist for EE and IREE glomalin fractions (data not shown).
Such connections distinguish glomalin fractions as excellent indicators of within-field
variations in soil condition, defined as the combined characteristics of a given soil
that define its level of function as a medium for crop production and a contributor to
air and water quality (Johnson et al., 2001).
All total and immunoreactive fractions of glomalin were negatively correlated with
ECa (Tables 2 and 3), reinforcing previous findings that glomalin concentrations reflect
soil benefits accrued with VAM activity (Wright and Millner, 1994). These ECa-
delineated associations appear to be more than just statistical, likely reflecting a
mechanistic relationship between VAM fungal activity and soil characteristics driving
measured ECa (and other soil characteristics with which they may be correlated). Yet,
the negative relationship between glomalin and ECa probably indicates more than
simply heightened VAM activity with improved soil condition. This is because soil
physical and chemical properties influence organic matter turnover and protection
(van Veen and Paul, 1981) and low ECa zones likely embody those soil characteristics
conducive to the maintenance of organic materials, including glomalin.
Statistical comparison of microbial-scale analyses within the 1–2 mm aggregates
(0–7.5 cm depth) and sampling-site-scale indicators of soil condition (0–7.5 cm
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depth) were most significant in fallow treatments. Positive correlations were found
between whole soil properties related to production potential and IRT glomalin, total
glomalin, and C16vam (Table 3). Negative correlations were documented between
measures of VAM and indicators of soil erosion, i.e. IRT glomalin or C16vam and
bulk density, andWAS and clay content. Negative relationships have been previously
reported between VAM propagule numbers and erosion (Day et al., 1987; Powell,
1980). Bethlenfalvay et al. (1985) showed that heterogeneity in soil condition affects
the distribution of VAM fungi. Similarly, we found that WAS, glomalin, and C16vam
concentrations were greatest in low-ECa zones, those parts of a field highest in
organic matter. Increased levels of organic matter may accentuate hyphal length (St.
John et al., 1983) and VAM inoculum viability (Hayman, 1982), both of which may
have contributed to measured glomalin, C16vam, and WAS at the FICS site.
Conclusions
The negative associations between ECa and microbial biomass C and N in whole
soil, and between ECa and glomalin, C16vam, and WAS in 1–2 mm soil aggregates,
support the biological relevance of ECa classification. Glomalin, C16vam, and WAS
proved to be sensitive measures of VAM presence and activity in soil, albeit for
different aspects of organism function. Associations exist between soil (1) glomalin
concentrations and ECa across crops and replicates, (2) WAS and C16vam, and crop
treatments, and (3) WAS and C16vam, and ECa within fallow treatments (con-
founding effect of crop removed). These findings indicate that glomalin concentra-
tion is a static indicator of historical VAM activity that benefits the soil resource. We
found all glomalin fractions to be excellent indicators of soil condition (production
potential). The same can be said for WAS and C16vam when analyzed within fallow
treatments to remove the confounding effect of crop. Additionally, WAS and C16vam
were significantly differentiated among crops, implicating them as dynamic measures
of VAM associations with a crop.
Glomalin, WAS, and C16vam, biological indicators of VAM presence and activity,
can be related to specific soil physical and chemical characteristics and crop yields
due to significant partitioning of each of these parameters among ECa zones. Thus,
ECa classification provides a point of reference through which microbial-, within-
field-, and field-scale data can be related. This ECa framework, when applied to the
temporal appraisal of soil, crop, and farm economic parameters, may serve (1) as a
basis for linking microbial-scale findings to farm-scale ecological and economic
outcomes, and (2) for monitoring management-induced trends in agroecosystem
function at the field scale. Additional research is necessary to determine the geo-
graphic extent to which these findings apply.
The ability to integrate data collected at multiple levels of scale may advance our
understanding of management as a tool for manipulating VAM and other microbial
populations to improve system productivity and sustainability. It also makes
possible the study of management-crop-soil-microbe interactions within a spatial
context, such that the continuum of intrinsic soil heterogeneity found within an
agroecosystem can be addressed.
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Notes
1. Mention of a trademark, proprietary product or vendor does not constitute a guarantee of or warranty
of the product by USDA nor imply its approval to the exclusion of other products that may be
suitable.
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